Modified tetrapyrroles such as chlorophyll, heme, siroheme, vitamin B 12 , coenzyme F 430 , and heme d 1 underpin a wide range of essential biological functions in all domains of life, and it is therefore surprising that the syntheses of many of these life pigments remain poorly understood. It is known that the construction of the central molecular framework of modified tetrapyrroles is mediated via a common, core pathway. Herein a further branch of the modified tetrapyrrole biosynthesis pathway is described in denitrifying and sulfate-reducing bacteria as well as the Archaea. This process entails the hijacking of siroheme, the prosthetic group of sulfite and nitrite reductase, and its processing into heme and d 1 heme. The initial step in these transformations involves the decarboxylation of siroheme to give didecarboxysiroheme. For d 1 heme synthesis this intermediate has to undergo the replacement of two propionate side chains with oxygen functionalities and the introduction of a double bond into a further peripheral side chain. For heme synthesis didecarboxysiroheme is converted into Fecoproporphyrin by oxidative loss of two acetic acid side chains. Fe-coproporphyrin is then transformed into heme by the oxidative decarboxylation of two propionate side chains. The mechanisms of these reactions are discussed and the evolutionary significance of another role for siroheme is examined.
enzymes | metabolic pathway | S-adenosylmethionine A n understanding of biochemical pathways involves a comprehension of the chemical logic underpinning the synthetic process. Biochemical reactions are, in essence, highly controlled and regulated chemical reactions that can also provide insights into transformations for which no laboratory-based chemistry may yet have been described. Such studies are at the heart of chemical biology and are an essential prerequisite for its transformation into synthetic biology. Moreover, from an evolutionary perspective, there are many interesting questions relating to the initial appearance of complex multistep pathways, where theories on retro and patchwork models have been discussed (1, 2) . These considerations are pertinent to the synthesis of the modified tetrapyrroles (3), which through their representatives chlorophyll, heme, cobalamin (the biological form of vitamin B 12 ), siroheme, heme d 1 , and coenzyme F 430 are involved in a broad variety of essential life processes from photosynthesis to methane production.
The tetrapyrrolic architecture that underpins the structural similarity between these various metalloprosthetic groups results from a shared, though branched, biosynthetic pathway (4, 5) , where the whole family is derived from the macrocyclic primogenitor, uroporphyrinogen III (Fig. 1A) . The pathways to heme and chlorophyll via protoporphyrin have been previously characterized. Similarly, the syntheses of siroheme and cobalamin have also been elucidated, progressing via the bis-methylated uroporphyrinogen III derivative precorrin-2 (Fig. 1A) . However, the biosynthesis of coenzyme F 430 and heme d 1 have not been reported. Likewise, little is known about a proposed alternative heme biosynthetic route that involves the transformation of precorrin-2 into heme (6). This paper focuses on this unique heme biosynthetic process and reveals a hitherto unsuspected relationship with both the synthesis of siroheme and heme d 1 .
Siroheme, the prosthetic group of sulfite and nitrite reductases, is synthesized from uroporphyrinogen III by bismethylation to give precorrin-2, dehydrogenation to produce sirohydrochlorin and finally ferrochelation (7) (Fig. 1B) . Heme d 1 is only made by denitrifying bacteria with a cytochrome nitrite reductase cd 1 (nirS) for which d 1 acts as an essential cofactor, tailored to meet the mechanistic requirements of the reaction (8) . Bacteria with nirS always appear to contain, downstream of nirS, a set of contiguous genes necessary for heme d 1 biogenesis (9). In Paracoccus pantotrophus and Paracoccus denitrificans, these genes are organized in the operon nirECFD-LGHJN (nirD and nirL occur as a fused gene in Paracoccus species) and are transcribed in the presence of nitric oxide (10) . This operon is thought to encode all the enzymes for heme d 1 biogenesis. So far only the function of NirE has been unambiguously determined as an S-adenosylmethionine (AdoMet)-dependent uroporphyrinogen methyltransferase (11, 12) , a finding that is consistent with previous labeling studies that demonstrate the synthesis of d 1 heme must proceed via precorrin-2 ( Fig. 1 A and C) (13) .
Heme requires little introduction as a prosthetic group and has a diverse range of biological functions. Its synthesis has been elucidated in eukaryotes and most bacteria, where the classic pathway for its biosynthesis is advanced via an ordered and sequential decarboxylation of the majority of the acidic side chains of uroporphyrinogen III, followed by oxidation and ferrochelation (4) (Fig. 1B) . As alluded to earlier, in sulfate-reducing bacteria and Archaea, it is proposed that heme is made via a completely different pathway, herein called the alternative heme biosynthesis route. A combination of biochemistry and bioinformatics approaches has provided some clues as to the mode of operation of this route. Thus, feeding labeled methionine to Desulfovibrio vulgaris cultures resulted in the isolation of labeled sirohydrochlorin, 12,18-didecarboxysirohydrochlorin, coproporphyrin III and protoporphyrin IX (6) . Similarly, analysis of completely sequenced Archaeal and Desulfovibrio genomes suggest that these organisms possess the genes that encode enzymes for the transformation of 5-aminolevulinic acid to uroporphyrinogen but lack those required for the enzymes necessary for the conversion of uroporphyrinogen into protoheme through the classical pathway (14) (15) (16) (17) . Altogether, these observations led to the theory of an alternative heme biosynthesis pathway that diverges from the classical pathway at the uroporphyrinogen step via precorrin-2 ( Fig. 1 A and C) .
Our genome comparison of denitrifying bacteria with some sulfate-reducing bacteria and Archaea that make heme via precorrin-2, revealed the presence of homologues of nirD, and nirJ (see additionally ref. 17) . The presence of these orthologues in sulfate-reducing bacteria and Archaea, which do not need d 1 heme as they do not have cd 1 , was intriguing because it implied that they may have a role in the alternative heme biosynthesis route. The similarity between the d 1 synthesis genes found in Paracoccus and Desulfovibrio is shown diagrammatically in Fig. 1D , where the alternative heme biosynthesis genes are given the prefix ahb. Taken together, these observations prompted us to investigate the link(s) between the alternate heme and d 1 heme biosynthetic pathways.
Results
We speculated that the biosynthesis of heme and heme d 1 proceeds via the oxidized derivative of precorrin-2, sirohydrochlorin, and didecarboxysirohydrochlorin, at which point the pathways for the two cofactors would diverge. In both cases it was envisaged that iron would be added at the final stage, as is observed with siroheme and the classic heme pathway. To test the hypothesis that heme d 1 synthesis may proceed via sirohydrochlorin, cell-free extracts of Escherichia coli, overproducing either individual P. pantotrophus Nir proteins (D-L, G, H, J, F) or combinations of them generated using our link and lock technology (18) , were incubated with this metal-free substrate. Strikingly, when lysates of E. coli, overproducing P. pantotrophus NirDL-G-H, were incubated with sirohydrochlorin an instant change in the appearance of the purple sirohydrochlorin to a blue-green color was observed. The UV-visible spectrum of sirohydrochlorin, which has a Soret band at 378 nm, also changed to a new maximum around 390 nm ( Fig. 2A) . The shift of 12 nm in the Soret of sirohydrochlorin and the disappearance of its d bands in the region of 590 nm suggested that sirohydrochlorin had undergone a chemical transformation and hence this unique compound was further characterized.
NirDL-G-H Carries an Oxygen-Independent Siroheme Decarboxylase
Activity. HPLC analysis of the NirDL-G-H catalyzed conversion of sirohydrochlorin showed the presence of two major peaks, whose retention time and m∕z values differed from that of sirohydrochlorin (Fig. 2B) . Significantly, the isotopic mass distribu- tion pattern for the two compounds was consistent with the presence of iron. We surmised that sirohydrochlorin was converted into siroheme via the capture of adventitious iron and then subsequently underwent bis-decarboxylation into didecarboxysiroheme. To test this idea, siroheme was generated enzymatically (trace D, Fig. 2B ) and was found to have identical properties to compound 1, observed in trace B, eluting at 15 min (Fig. 2B) . Moreover, when siroheme was added to cell lysates containing NirD-L, G, and H, it was fully converted into didecarboxysiroheme (trace F, peak at 22 min). In contrast, when siroheme was incubated with E. coli cell lysate overexpressing NirD-L, monodecarboxysiroheme was observed (trace E, peak at 18 min), suggesting that the reaction occurs in a stepwise manner (Fig. 2B) . In control reactions where either sirohydrochlorin or siroheme were incubated with the cell extracts of E. coli carrying empty expression vector-pET3a (Fig. 2B , traces B and D, respectively), no loss of substrate or formation of didecarboxysiroheme was detected. These results provide compelling evidence that the d 1 heme biosynthesis pathway proceeds via siroheme and didecarboxysiroheme (Fig. 3) . Although sequence analysis highlighted a significant sequence identity (35.3%) and similarity (47.1%) between pairs of NirD-L, NirG, and NirH, these proteins are, on the basis of mutagenesis, functionally nonredundant (9, 19) . Subsequently, we found that extracts of E. coli overproducing NirD (where the C-terminal NirL encoding sequence was removed from the plasmid) or NirH could catalyze a single decarboxylation reaction of siroheme (Table S1 ). When extracts of E. coli overproducing pairs of NirD-L or NirGH were incubated anaerobically with siroheme, formation of a mixture of monoand didecarboxysiroheme was observed. However, for total conversion of siroheme to didecarboxysiroheme all four proteins were required (Table S1 ). The structure of didecarboxysiroheme, arising from the loss of the carboxyl groups from the acetic acid side chains attached to C12 and C18 in siroheme, was confirmed by NMR (Fig. S1 and Table S2 ).
Siroheme (Table S1 ). Moreover, an incubation of siroheme with purified AhbA and AhbB resulted in the complete conversion of the substrate into didecarboxysiroheme. Thus it would appear that the decarboxylation of siroheme is also a committed step in the biosynthesis of heme in sulfate-reducing bacteria and Archaea that harbor these genes.
Siroheme is Converted into Heme in the Alternate Heme Biosynthesis
Pathway. Furthermore, incubation of anaerobically prepared cell lysates of D. vulgaris with siroheme formed monodecarboxysiroheme, didecarboxysiroheme, monovinyl Fe-coproporphyrin III, and heme (Fig. S2 ). This observation is consistent with siroheme undergoing sequential decarboxylations to didecarboxysiroheme, then transformation into Fe-coproporphyrin by the oxidative removal of the acetate side chains attached to C2 and C7 of the macrocycle and finally conversion into heme by the sequential oxidative decarboxylation of the propionic acid side chains attached to C3 and C8 (Fig. 3 ). All these reactions take place under anaerobic conditions, and thus the final two steps in this pathway are likely to involve some radical chemistry. Consistent with this view is the observation that the remaining two candidate genes identified in the alternative heme biosynthesis pathway, ahbC and ahbD, both encode radical AdoMet enzyme family members.
Role of AhbC and AhbD in Conversion of Didecarboxysiroheme to
Heme. To investigate the role of AhbC and AhbD, the two proteins were recombinantly overproduced in E. coli. However, aggregation problems with the D. desulfuricans AhbC resulted in a search for a more soluble orthologue of the protein. Such a candidate was found in Methanosarcina barkeri. Here the M. barkeri AhbC was found to be recombinantly overproduced in a soluble form in E. coli, and crude cell extracts containing this protein were observed to transform didecarboxysiroheme into Fe-coproporphyrin (Fig. 4) . In contrast, the D. desulfuricans AhbD was more amenable to purification and was isolated as a brown solution with a broad peak between 340 to 400 nm in the UV-visible spectrum, a feature typical for 4Fe-4S cluster-containing proteins. This result is in agreement with the presence of a conserved CX 3 CX 2 C motif in the primary sequence of AhbD and its high homology to NirJ, the AdoMet-dependent radical enzyme found in P. pantotrophus (20) (Fig. 1 and Fig. S3 ). When a cell-free extract of E. coli overproducing D. desulfuricans AhbD was incubated under strictly anaerobic conditions in the presence of various cofactors for 4 h at room temperature with Fe-coproporphyrin as substrate, heme, a monovinyl heme derivative of Fe-coproporphyrin together with some unreacted Fe-coproporphyrin were detected by liquid chromotagraphy (LC)-MS (Fig. 5, trace B) . In control reactions only background levels of heme and unreacted Fe-coproporphyrin were detected (Fig. 5, trace A and C) . Finally, quantitative conversion of Fecoproporphyrin into heme occurred in extracts of E. coli with D. vulgaris AhbD, AdoMet, and dithionite, thus confirming the role of AhbD as a unique heme synthase.
Discussion
The results presented herein have established a link between d 1 heme and the alternative heme biosynthesis pathway, revealing the surprising finding that both pathways proceed via siroheme and then branch off at the didecarboxysiroheme stage (Fig. 3) . Incubations of heme d 1 biogenesis enzymes have led to the identification of siroheme as a substrate for d 1 synthesis and the detection of an intermediate, didecarboxysiroheme, within the pathway, providing unique insights into how the pathway must operate. The enzyme complex required for the decarboxylation of siroheme involves NirD-L, NirG, and NirH, proteins that are classified as members of the Lrp/AsnC family (21) , and recently proposed to serve as regulators (22) . In this respect, NirDL, G, and H appear to compose a unique multifunctional enzyme and transcriptional regulator. The reaction catalyzed by this enzyme complex involves the decarboxylation of the acetic acid side chains attached at C12 and C18 of the macrocycle. The mechanism for such a reaction is likely to be similar to that utilized by uroporphyrinogen decarboxylase, where an iminium ion is Fig. 4 . M. barkeri AhbC catalyzes conversion of didicarboxysiroheme into Fe-coproporphyrin III. HPLC traces of the tetrapyrrole derivates observed at 390 nm after anaerobic incubations of (A) E. coli cell-free extracts overexpressing M. barkeri AhbC with didicarboxysiroheme (DDSH), AdoMet and the reducing agent sodium dithionite, (B) E. coli cell-free extracts overexpressing M. barkeri AhbC with DDSH and sodium dithionite, (C) E. coli cell-free extracts with DDSH, AdoMet, and sodium dithionite. AdoMet and sodium dithionite were used at final concentrations of 500 μM and 8.5 mM, respectively. Note that Fe-coproporphyrin III (Fe-Copro) is eluted in two peaks from the HPLC column; both species have the same m∕z value of 708 by MS. generated to act as an electron sink (Fig. S4) . Although we have detected the presence of a monodecarboxylated intermediate, the order of decarboxylation has not been determined.
The biosynthesis of d 1 heme therefore proceeds via siroheme and didecarboxysiroheme, and thereafter via a dioxo intermediate before the introduction of an acrylate function as the final step. We believe that the oxo groups are formed by the action of NirJ, a radical AdoMet enzyme (20) , and that the double bond in the propionate side chain attached to C17 may be mediated by NirF, which, being periplasmic, must catalyze the last step. We have shown that the periplasmic NirF is required for d 1 heme production whereas two other periplasmic proteins (NirC and NirN) coded for in the biogenesis operon are not (11, 23) . Thus we conclude that NirF catalyzes the final step in d 1 production unless the product of NirF activity is imported to the cytoplasm for further processing, an energetically expensive possibility. At this stage we do not know what reaction is catalyzed by NirF but the dehydrogenation to give the acrylate side chain of the isobacteriochlorin is a possibility to be addressed in future work (23) . Our result that siroheme is an actual intermediate during d 1 heme biosynthesis means that a ferrochelatase activity is not coded by the nir operon whose product must work in concert with a siroheme synthesis pathway. It also shows that avoidance of reactive radicals and potential toxicity by inserting iron at the end of the biosynthetic pathway cannot be as important as previously thought.
The similarity between the d 1 heme biosynthetic genes nirD-L, G, and H and the putative alternative heme biosynthetic genes ahbA and B immediately suggested that didecarboxysiroheme could also be an intermediate in the latter pathway. This hypothesis was confirmed by the activity of AhbA and AhbB upon incubation with siroheme, which saw the quantitative conversion into didecarboxysiroheme. Moreover, incubation of siroheme with cell-free extracts of D. vulgaris resulted in the appearance not only of didecarboxysiroheme but also Fe-coproporphyrin and heme [and it is also interesting to note that Fe-coproporphyrin is found as a cofactor in the bacterioferritin from D. desulfuricans (24)]. Thus, heme synthesis would appear to be mediated by the conversion of siroheme into didecarboxysiroheme, followed by oxidative loss of the northern acetic acid side chains and then oxidative decarboxylation of the northern propionate side chains to vinyl groups (Fig. 3) .
The loss of the acetic acid side chains at C2 and C7 for the synthesis of Fe-coproporphyrin is catalyzed by AhbC, which is a radical AdoMet family member. To promote this reaction the enzyme is likely to generate adenosyl radicals and use these to abstract hydrogen atoms in turn from the C3 or C8 positions thereby producing the respective substrate radical and deoxyadenosine. The radical can then fragment by homolytic cleavage of the C-C bond connecting the side chain acetic acid group to the macrocycle, generating a double bond and an acetate radical (Fig. S5A) . This process is analogous to the proposed fragmentation of glutamate in the reaction catalyzed by coenzyme B 12 -dependent glutamate mutase, where an acrylate molecule and glycyl radical are formed prior to the rearrangement into 3-methylaspartate (25, 26) . However, in the case of the reaction catalyzed by AhbC the enzyme presumably converts the acetate radical to acetate by providing a further electron (and proton), which could come from a second predicted Fe-S center on the protein. The mechanism as described consumes two molecules of AdoMet, each of which generates an adenosyl radical. Alternatively, an initially produced adenosyl radical could be recycled by using the methyl group of deoxyadenosine as a source of a hydrogen atom to convert the acetate radical into acetate.
The final reaction in the alternative heme biosynthesis pathway, catalyzed by AhbD, sees the transformation of Fe-coproporphyrin into heme. Overall, this process is similar to the HemN catalyzed oxidative decarboxylation reaction of coproporphyrinogen III to protoporphyrinogen IX that occurs during the classical heme biosynthesis pathway (27, 28) . As with HemN (and AhbC), AhbD is also a radical AdoMet family member. By analogy with HemN, the mechanism of AhbD is likely to involve the abstraction of a hydrogen atom from the beta-position of the propionate side chains attached to C3 and C8. The resulting substrate radical can then further oxidize to a carbon cation, which could lead to the vinyl product by loss of CO 2 (Fig. S5B) . Although a monovinyl intermediate has been identified, it is not known if there is a preferential order for the two oxidative decarboxylations.
The identification of the intermediates of both the heme and heme d 1 synthesis pathways highlights some of the ingenious chemistry that takes place. These beguiling reactions include the incorporation of oxo functionalities in place of the northern propionate side chains during d 1 synthesis from didecarboxysiroheme and the oxidative loss of the northern acetate side chain from the same branch-point intermediate during heme synthesis. The sequence similarity between NirJ and AhbC not only reflects the proteins being members of the radical AdoMet family but may also reflect recognition of the same substrate. The assignment of function to these enzymes will now permit a more detailed mechanistic investigation into how these transformations are mediated.
Our research also defines a fresh role for siroheme, previously only thought to act as a prosthetic group for assimilatory sulfite and nitrite reductases, as an intermediate in modified tetrapyrrole biosynthesis (Fig. 3A) . From an evolutionary perspective, it has previously been suggested that siroheme may have acted as a primordial heme where the isobacteriochlorin ring would have allowed greater conformational flexibility, prior to the selection of porphyrins in the later more oxidizing environments (29) . There is a view that denitrification came early in evolution and it is possible that the d 1 -containing nitrite reductase appeared before both oxygen and the copper nitrite reductase (30) . This paper now highlights how heme can be synthesized from siroheme, providing a biosynthetic evolutionary corollary relationship whereby the functional evolution of siroheme into heme is linked by the appearance of a biochemical pathway allowing the physical transformation of one into the other. The seemingly coincidental molecular hijacking of the cofactor for assimilatory nitrite reductase to form the cofactor for dissimilatory nitrite reductase was unanticipated; we cannot rule out the reverse appearance first of d 1 heme followed by the hijacking of siroheme by the assimilatory nitrite reductase, which might have emerged once oxidized nitrogen increased as atmospheric oxygen increased. The presence of this branch of tetrapyrrole biosynthesis is consistent with a patchwork assembly model of pathway evolution, and provides a hitherto unsuspected relationship between nitrite assimilation and dissimilation.
Methods
DNA Manipulations. DNA manipulations were performed by standard methods. Amplifications of genes from P. pantotrophus (GB17), D. desulfuricans (G20), and D. vulgaris Hildenborough were performed by PCR using KOD DNA polymerase (from Thermococcus kodakaraensis) according to supplier's instructions (Novagen). All constructs generated by PCR were confirmed to be correct by sequencing. Plasmids containing nirED-L, nirGH, and nirD-LGH were constructed by inserting the appropriate amplified P. pantotrophus genes into pET3a using the link and lock method described in ref. 18 . The nirH was cloned into pET14b, and thus the recombinant protein contained an N-terminal hexahistidine tag, whereas nirG and nirD-L were cloned into pET3a and pASKIBA13 plus vectors, respectively. Plasmids containing ahbA and ahbB from D. desulfuricans were obtained by cloning into the vectors pKK2233 and pET14b, respectively, whereas a plasmid harboring ahbAB from D. vulgaris was obtained by cloning the genes into pET3a vector using the link and lock method described above.
Recombinant Protein Production. Cell growth and protein overexpression. For protein overproduction, the E. coli BL21(DE3) strain was transformed with the appropriate plasmid. The resulting strain was grown with aeration at 37°C in LB medium containing appropriate antibiotics (50 μg∕mL ampicillin, 30 μg∕L chloramphenicol, to an A 600 0.6-0.8 and the protein expression was induced with 0.4 mM IPTG and cultures were transferred to 16°C cells for overnight expression. Cells were collected by centrifugation 3;500 × g for 15 min at 4°C (Beckman Coulter, JI30). The cell pellets from 1 L of LB broth were resuspended in 20 mL of 50 mM Tris·HCl, pH 8.0, containing 0.5 M NaCl. Cells were disrupted by sonication (Sonics Vibracell Ultrasonic processor). Cell debris and insoluble proteins were removed from the soluble cell lysate by centrifugation 35;000 × g for 20 min at 4°C. A cell extract of sulfate-reducing bacteria was obtained from D. vulgaris Hildenborough frozen cell pellets.
Purification of 5-aminolevulinic acid and succinyl-CoA synthases. Recombinant Rhodobacter sphaeroides 5-aminolevulinic acid synthase (HemA) was produced and purified as described in ref. 28 . Recombinant E. coli succinyl-coenzymeA synthetase (SucCD) was purified as a hexahistidine fusion protein as follows. Cell lysate containing the overexpressed SucCD was applied to the Ni-Sepharose column equilibrated in buffer A (0 mM Tris·HCl, pH 8.0 buffer). The column was washed with 5-10 column volumes of 50 mM imidazole containing buffer A and the proteins were eluted using the 400 mM imidazole containing buffer A. Only SucC (41,400 Da) has a hexahistidine tag but the associated SucD (30,000 Da), which was not tagged, also eluted.
Purification of multienzyme cocktail for sirohydrochlorin production. For in vitro preparation of sirohydrochlorin a multienzyme method was used as described previously (15) and outlined briefly in SI Text and Fig. S6 .
Production of siroheme. To make siroheme from sirohydrochlorin, a 10-fold excess of FeSO 4 was added to a sirohydrochlorin solution and the mixture was left at room temperature for 4 h before purification on the DEAE column. The siroheme was purified on a small DEAE column to assist NMR studies with the siroheme and the didecarboxysiroheme derivative.
High performance LC-MS analysis of siroheme and siroheme derivatives. The tetrapyrrole intermediates could be purified after separation from the protein by boiling at 80°C for 10 min and were analyzed by reverse phase chromatography. Samples were resolved on an ACE 5AQ column (2.1× 150 mm, 5 μ, Advanced Chromatography Technologies) attached to a Agilent 1100 series HPLC equipped with diode array detector and coupled to a micrOTOF-Q (Bruker) mass spectrometer. The column was developed with a binary gradient at a flow rate of 0.2 mL min −1 . Solvent A was 0.1% TFA and solvent B was acetonitrile. The column was equilibrated with 5% B. Following sample injection the concentration of B was increased to 20% over 6 min and then to 30% at 25 min and 100% at 35 min where it was held for 5 min before returning to starting conditions. The total length of each run was 50 min. Alternatively, for incubations starting from Fe-coproporphyrin III a faster linear gradient was employed starting at 20% B and reaching 100% B in 30 min. The observed masses for these various intermediates are given in SI Text and shown in Fig. S7 .
